Abstract -The study is devoted to the important issue of enhancing the circuitry and characteristics of power supplies for micro resistance welding machines. The aim of the research is to provide high quality input current and to increase the energy efficiency of the output pulse generator by means of improving the circuit topologies of the power supply main blocks. In study, the principle of constructing the power supply for micro resistance welding, which provides high values of output welding current and high accuracy of welding pulse formation, makes it possible to reduce energy losses, and provides high quality of consumed input current, is represented. The multiphase topology of the charger with power factor correction based on SEPIC converters is suggested as the most efficient for charging the supercapacitor storage module. The multicell topology of the supercapacitor energy storage with voltage equalizing is presented. The parameters of the converter cells are evaluated. The calculations of energy efficiency of the power supply's input and output converters based on suggested topologies are carried out and verified in MATLAB Simulink. The power factor value greater than 99 % is derived.
I. INTRODUCTION
One of the most effective ways of permanent joining of small-scale metal parts is resistance welding. The joints are formed by heating the welded parts in required spots to the melting point with electric current, which is passed through them. The amplitude of welding current is in the range of hundreds of amperes to several kiloamperes and depends on the material and thickness of the welded parts. The energy for welding is consumed by pulses duration of which is very short comparing to the duration of the pauses between them and can range from one to dozens of milliseconds [1] , [2] . A very important characteristic of the welding pulse is its form. The pulse must consist of smooth rise and fall and a flat top. The use of appropriate pulse form for specified welding conditions is critical for obtaining the high quality welded joints.
The power supply of welding equipment is responsible for generating the welding pulse of the required form and power.
The energy efficiency of welding equipment is determined also by technical parameters of the power supply.
In terms of design principles, the power supplies for resistance welding may be divided into two large groups: with direct power consumption from electrical grid -Direct Energy Type, and with intermediate energy storage -Energy Storage Type [2] - [4] . The first one largely affects the electrical network and has low energy efficiency. The second one gives the possibility to use the power supply off-line for some time, and affects the network much softer [4] . That is why the second one is more widely used recently [4] - [8] .
The systems based on the energy storage topology usually have more complicated structure and require the use of the multicell-type storage with low internal resistance and high energy capacity, such as supercapacitors. This type of power supplies makes it possible to increase the power factor up to nearly "1" in case when the power factor corrector (PFC) is used as a charging device. Different converter topologies may be used to design PFC, for example, basic topologies like buck, boost, buck-boost or topologies SEPIC, ZETA, Cuk of single or multiphase types. The choice of specific topology of the input converter for resistance welding system is determined by its efficiency in the modes that are typical for the output converter.
The output converter is the welding pulse generator. It is the most important part of the power supply for micro resistance welding. It directly regulates the welding current in load and determines welding modes. There are some effective decisions for constructing the welding pulse generator that are based on using modular (multicell) principle [9] . The modular principle makes it possible to obtain high values of load current by combining a number of identical cells rated on relatively low currents. It also helps to improve the form of the current or voltage curve, increases flexibility in converter restructuring, provides a high level of design unification, and expands opportunities for improving the reliability of the converter by reserving the cells.
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The aim of the research is to provide high quality of input current and to increase the energy efficiency of the output pulse generator by means of improving the circuit topologies of power supply main blocks.
II. GENERALIZED BLOCK DIAGRAM OF THE POWER SUPPLY
The generalized block diagram of the power supply for micro resistance welding is shown in Fig. 1 .
The blocks of the power supply perform the following functions. The input converter provides the energy necessary for welding. It is represented in Fig. 1 in two variants: charger + energy storage (Energy Storage Type) or matching transformer + rectifier (Direct Energy Type). For the considered power supply the first variant was chosen. The pulse generator provides current pulses for the load, according to the required profile specified by the control system. The parameters of welding pulses are controlled during the welding process with feedback signals from the sensors in the load. In the next sections, the circuit topologies of main blocks of the power supply are suggested and their operation principles are described.
III. THE CHARGER DESIGN
The charger for supercapacitor storage module should perform the following functions: to form the sinusoidal input current; to separate the network and the load galvanically; to charge the storage with direct or pulsating current.
To form the sinusoidal input current, the power factor corrector is required. The basic circuit of PFC [10] is quite simple but it does not provide the acceptable values of total harmonic distortion (THD) of the input current. To improve the values of THD the multiphase topology of PFC is applied. The multiphase PFC may include an unlimited number of unified cells (phases) connected in parallel, which operate with some phase shift. The input current in this case is a sum of the currents of PFC cells and its ripples are smaller than in the basic single-phase topology.
Because of the intention to use the supercapacitors (which have maximal voltage 2.7 V [11]) as energy storages in the designed charger, the step-down transformer is required to decrease the input voltage and to isolate the network and the load galvanically.
To charge the supercapacitor storage with direct or pulsating current, it is necessary to use the converter, which should meet the following requirements: 1) the availability of the input inductor, which forms the continuous current, consumed from the network;
2) the possibility of soft start and soft regulation of the input current;
3) the possibility of the transformer integration into the structure of the converter. Table I shows the compliance of the converters of different types with the above mentioned requirements.
According to Table I , it may be concluded that the most appropriate converter types for the considered task are SEPIC and Cuk converters. The analysis of these types of converters [12] showed that the SEPIC converter has lower input current ripples and better controllability than the Cuk converter. Therefore, it is preferable to choose SEPIC as basic topology for designing the charger cell.
Let us calculate the parameters of charger cells.
The main circuit of the SEPIC converter is shown in Fig. 2 . The dimensions of the SEPIC converter are mainly determined by inductors L1, L2 and transformer TV. The dimensions of the transformer increase proportionally to the power, which is why the total dimensions of the cells' transformers may be considered as constant.
The dimensions of the inductor are proportional to the value of its inductance L and to the square of the bias current I02.
The inductance of L1 is
where Epeak is peak voltage of electrical network and Ipeak(c) is peak value of the cell current. The inductance L2 is calculated from the condition of discontinuous current mode in inductors [13] , [14] 1 out 2 in
where n is transformer ratio of TV.
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The capacitance C is calculated from the condition of the resonant frequency ωr, defined by reactive elements C, L1, L2, should be significantly higher than the frequency of the network ωg.
Other elements of the SEPIC converter are calculated by common formulas.
Based on the given relations, the parameters of a two-phase transformerless charger designed on 300 W, 220 V, 50 Hz were calculated. The frequency of each converter cell f = 100 KHz, the duty cycle γ = 0.5 with phase shift 180°, L1 = 700 mH, L2 = 3 mH, C1 = 50 nF.
The circuit of the charger is shown in Fig. 3 . The simulation models of a two-phase charger and a charger cell created in MATLAB Simulink, are shown in Fig.  4 . The input current form and the current of the cells in large scale are shown in Fig. 5 .
As shown in Fig. 5(a) , the input current has some ripples, explained by nonlinearity of the real current form of the cell shown in Fig. 5(b) in a large scale.
In case of using the two-phase structure of the charger, the value of total harmonic distortion (THD) of input current amounts to 7 %, which provides the value of the power factor >99 %. Therefore, even a two-phase charger can provide excellent electromagnetic compatibility with the network in the above mode. The high-frequency ripples can be additionally decreased by installing the input small power LCfilter, which helps to improve the power factor. 
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IV. THE ENERGY STORAGE DESIGN
The circuit topology of the energy storage for the power supply is suggested in Fig. 6 .
The base of the energy storage is the supercapacitor battery, which includes m supercapacitors connected in series. In this specific case, the main criterion for the choice of supercapacitor type is not the capacitance but the equivalent series resistance (ESR), which should be as small as possible. The analysis showed that the decrease of supercapacitor ESR is accompanied by the increase of its capacitance [11] . Therefore, the choice of supercapacitor type with appropriate ESR ensures the required capacity for micro resistance welding, which is not really so high.
The particularity of the suggested circuit is the principle of equalizing the voltages on the supercapacitors during their charge. The currents through the supercapacitors are equal. The variation of the supercapacitors' parameters leads to nonsimultaneity of their charging processes. For example, let Cscap1 be charged first. Then, the recuperation cell A1 of the supercapacitor Cscap1 starts operating. The A1 switches on after triggering the comparator DA1 and continues to operate until the supercapacitor Cscap1 gets discharged. The power transistor VT1 of the cell A1 is controlled by PWM controller DA2. In this way the energy from Cscap1 returns through the converter to the circuit of the input filter, the charge level of Cscap1 stays constant and other supercapacitors continue their charging. After all the supercapacitors get completely charged, the signal of charging process stop is formed on the output of the logic element DD1. The input charger interrupts its operation and the energy stops being consumed from the network. Thus, the equalizing of charging processes of supercapacitors is provided. 
V. THE OUTPUT GENERATOR OF WELDING PULSES
Now, let us consider the circuit of the output generator of welding pulses. To provide high value of welding current in load (up to thousands of amperes) and its high controllability, the most expedient solution seems to construct the output generator as a transistor converter of multicell type (Fig. 7) . As the basis of the converter cell, the buck topology is chosen (Fig. 8) . Because of high values of welding current, there are substantial energy losses on the converter elements. The bulk of the losses are located on reverse diodes of the cells (Fig. 8) . The voltage drop on the open p-n-junction of a diode usually amounts to 1.2 V to 1.4 V, in HEXFRED it is about 2.1 V. The problem may be partially solved by using Schottky diodes, which have the forward voltage fall in the range of 0.4 V to 0.7 V. However, the particularity of micro resistance welding consists in low output voltage (several volts or lower), and under these conditions the relative value of the energy losses on the circuit components increases. Therefore, the most effective solution may be the use of synchronous MOSFET transistors instead of the reverse diodes (Fig. 9 ) [15] .
The ideal gate signal waveforms of VT1 and VT2 (Fig. 9 ) are shown in Fig. 10 . The dead-times between VT1 and VT2 pulses are used to prevent the shoot-through. During the deadtime, the inductor current continues flowing through the internal body diode of VT2. When the gate signal of VT2 is high, the inductor current flows through VT2. Synchronous buck topology provides better efficiency than standard buck converter because the on-resistance RDS(on) of VT2 is in the milliohm range [15] .
These considerations are confirmed by calculations with typical parameters. Let us study, how the maximal possible level of energy losses depends on the output current in the traditional buck converter circuit (Fig. 8 ) and the circuit with synchronous transistor (Fig. 9) .
For the calculations, the following data are used (Table II) . The energy losses in the diode are calculated using the method below [16] .
The losses in forward direction
where I0 the average value of rectified current through the diode; ΔUd the voltage drop on the diode at a given value of output current.
The losses in reverse direction
where Urw, Irw is reverse voltage and current in diode.
Dynamic losses in the diode
where f switching frequency; τh effective lifetime of holes in a diode. Thus, the total energy losses in the diode can be calculated by the formula fw rw dyn .
P P
The energy losses in the transistor are calculated using the following procedure.
The static energy losses (Fig. 11) .
The characteristics show that energy losses in the circuit with a diode are higher than in the circuit with a synchronous transistor in the whole range of the current values. Fig. 11 . Power losses in the circuits with diode and transistor depending on the output current. In addition, while the current increases, the energy losses in both circuits are growing, but the overall efficiency of the circuits is growing as well (Fig. 12) .
VI. CONCLUSION
The study confirmed the effectiveness of the suggested circuit solutions for designing the main blocks of the power supply for micro resistance welding.
The multiphase principle of PFC construction and energy storage topology of the charger provide high quality of the input current form and the power factor value >99 %.
The suggested circuit for the energy storage provides simultaneous charging of a number of supercapacitors with automatic equalizing of the voltages on each supercapacitor.
The use of synchronous transistors instead of the reverse diodes in the buck converters of the output generator cells provides the increase of energy efficiency of the power supply.
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